We report on the fabrication of a one-dimensional micro-retroreflector array with a pitch of 100 μm. The array was fabricated by x-ray lithography and the lithographie, galvanik und abformung (LIGA) process in a 1 mm thick poly(methyl methacrylate) (PMMA) layer and subsequently covered with Au. The area of the array is 1 mm × 10 mm. The high precision of the LIGA-based fabrication process allows one to use the element in spectrometers. Here, it is suggested to apply it to the implementation of a transversal filter for femtosecond pulses. We present a theoretical description of the performance of the retroreflector array as a filtering device and show experimental results.
Introduction
Earlier, the use of a retroreflector array (RA) for implementing an optical tapped delay line was suggested and demonstrated [1] . A tapped delay line can be used to filter a temporal signal by splitting it up into several branches. In each branch a time delay is generated and a weight is applied to the signal. Finally, the contributions of all branches are added up. There exist numerous possibilities to implement such a tapped delay line filter optically. The use of an RA was suggested since it allows one to generate time delays that are very suitable for femtosecond pulses. The basic idea is shown in Fig. 1 .
If the RA is tilted relative to the optical axis by the angle γ, the pulses reflected from two adjacent facets of the array will be separated by a path length difference of 2w sin γ and thus experience a time delay given as τ r 2w sin γ ∕ c:
The subscript "r" refers to the reflective nature of the time delay. Here, w is the pitch of the RA and c is the speed of light. For femtosecond applications, time delays ranging from a few to hundreds of femtoseconds are of interest. As it is easily verified, this can be achieved for a pitch of the order of 100 μm. For example, if we choose w 100 μm and γ 10°, one obtains τ r ≈ 116 fs. For the maximum tilt angle of γ 45°, the time delay τ r 2w sin 45°∕ c ≈ 1.414w ∕ c is generated. An interesting property of the setup is given by the fact that the time delays can be tuned by varying the tilt angle γ as it was demonstrated in [2] . For this purpose, however, it is important to implement the RA with a sufficient precision. For good performance, it is desirable to fabricate the surface of the RA with a tolerance of typically ≤λ ∕ 10. Fabrication of micro-retroreflectors can be achieved, basically, in two ways: either by ultraprecision surface machining or by deep lithography. For the first approach, the use of diamond cutting has been demonstrated (see, for example, [3] ). Excellent results have been achieved in obtaining highly accurate structures and low surface roughness. As reported, tolerances of the 90°angle can be as low as a few hundredths of a degree and surface roughness values are below 10 nm (depending on the material). Tolerances of the surface profile are up to 2 μm, however, which corresponds to 2-3 wavelengths in the visible and near IR.
Hence, we consider here the second fabrication approach based on deep x-ray lithography and the lithographie, galvanik, und abformung (LIGA) process. The basic process is shown in Fig. 2 . The interesting point here is that the precision of the fabricated element is defined by the precision of the twodimensional (2D) mask used for lithography. However, even for standard lithographic masks, the position of the features is defined with an accuracy of 10-100 nm. Therefore, one can expect the surface profile of the generated element to meet the requirements given above. In order to make elements with a sufficiently large aperture, the ability to achieve a very large depth is required while still maintaining the profile of the 2D mask. This can be achieved with deep x-ray lithography. With this technology depths of more than 1 mm have been demonstrated without significant degradation of the sidewalls due to diffraction. As will be shown later, the ideal surface profile of the retroreflector could be fabricated with tolerances of less than λ ∕ 10. This allows one to use the element even in interferometric experiments where such a high precision is crucial.
In this article, we first describe the fabrication of the micro-retroreflector array in Section 2. Experimental results are presented in Section 3 where the influence on a temporal signal is demonstrated in the spectral domain. A theoretical analysis is presented in Section 4, followed by a conclusion in Section 5.
Fabrication
Direct LIGA was used for the fabrication of the micro-retroreflectors. In this case, a thick resist layer is structured by synchrotron x-ray radiation. Due to the excellent collimation of the x rays, the pattern of a 2D mask is transferred into the resist layer with almost no changes in the slope of the structural sidewall; sidewall inclination is less than 1 mrad. Other features of the LIGA process are: low sidewall roughness in the range of 10 nm (R a ), low edge rounding with rounding radius of 1 μm to 2 μm only, and high structural precision with tolerances in the submicrometer range. Thus, direct LIGA allows one to fabricate high-quality RA structures. The principal process scheme is given in [4] . Here, we only point out some special issues for that application in particular. The layout data was transferred via electron beam lithography (Vistec, VB6 UHR EWF) into an intermediate mask consisting of a 3 μm thick titanium membrane covered with 3 μm high polymethylmetacrylate (PMMA)-based resist material. After resist development, gold absorber structures were electroplated with a height of approximately 2 μm in the PMMA template. By using the Litho 1 beamline at the electron storage ring ANKA (2.5 GeV, 15.4 mrad mirror angle, see also [5] ), this intermediate mask was transferred into the process mask by xray lithography and subsequent gold electroforming of a gold thickness of approximately 25 μm. Such a thickness is necessary to achieve a reasonable contrast in the further structure fabrication with heights of up to 1 mm. These masks were inspected by using a scanning electron microscope (SEM) (Figs. 3 to 6). In Fig. 4 the left edge and in Fig. 5 the right edge of a micro-retroreflector can be seen. Figs. 5 and 6 show a detailed view of a tooth of the micro-retroreflector indicating high geometrical precision and specially an edge rounding of approximately 1 μm. This process mask was used for deep x-ray lithography. Four in. silicon wafers were used as the substrates. To get removable structures after the patterning process, 1 mm thick PMMA plates were glued onto the silicon wafers. The structuring was done at the Litho2 beamline at the electron storage ring ANKA (2.5 GeV, 4.85 mrad mirror angle, see also [4] ). Some of the structures have been fabricated using a chopper for power reduction by a factor of 4.2. This should avoid increase of edge rounding and structural tolerances because of thermal movement of the mask during x-ray exposure due to periodical temperature change because of scanning mask and sample through the beam to pattern the full structural area. After a wet chemical development process, these structures were coated with a thin gold layer. shows the quality of the pattern transfer for the detail of a notch (compare Fig. 5 ). The high structural precision along the sidewall can be seen as well as low sidewall roughness; edge rounding for this sample can be estimated to be in the range of 2.5 μm. No differences between the structures fabricated with and without power reduction during exposure could be identified from the SEM pictures.
Further characterization was undertaken to measure the surface profile and to measure surface roughness. Figure 11 shows the results of a profile scan taken with a confocal microscope (Zeiss LSM 5). Figure. 11(a) shows the profile as a pseudo-threedimensional plot. As in the previous figures, one can recognize the good linearity of the sidewalls. The flaw on the lower right is presumably an artefact of the measurement. The one-dimensional scan indicated in Fig. 11(a) results in the linear profile measurement shown in Fig. 11(b) . It confirms the good linearity of the sidewalls. Here, one can also see the rounding of the notches as in Fig. 10 .
Finally, the surface roughness of the Au-coated arrays was measured with an atomic force microscope (AFM). In order to avoid problems with the tilted sidewalls, the measurements were taken at the unstructured rear side of the RA, which has the same surface quality as the front. For six measurements taken at different positions we obtained a mean value for the arithmetic average roughness R a 16.1 nm with a standard deviation of 0.9 nm.
Experiment
To test the fabricated structures optically, a diffraction experiment was performed (Fig. 12) . For this purpose, a collimated beam from a broadband light source illuminated the RA. The reflected light then passed through a diffraction grating. For the subsequent theoretical discussion, we would already like to point out that the setup can be seen in connection with the so-called Talbot band experiment [6] that is explained in detail in [7] and which we have reported on in [1, 8] .
For the experiment, first a conventional white light source was used. A virtual point source was generated by a pinhole of 10 μm diameter. The output was captured with a CCD color camera. Figure 13 shows the spectrum of the source as a reference (top) and the modulated spectrum (bottom). Noticeable is the very high contrast and the sharpness of the peaks. As it will be explained in more detail in the next section, the sharp peaks occur as a result of the superposition of many beamlets reflected off the facets of the RA [1, 8] .
A second set of experiments was performed where the light source was a short pulse laser (Spectra Physics Mai Tai SP). The experimental setup differed slightly from the one shown in Fig. 12 : rather than capturing the spectrum with a CCD camera, here a monochromator (Cornerstone 1 ∕ 4 m) was used to obtain a high-resolution spectrum. The center wavelength of the pulses was λ 0 ≈ 800 nm, their spectral width was approximately Δλ FWHM ≈ 40 nm. A typical experimental result is shown in Fig. 14 . Noticeable are the very sharp peaks and the high contrast. The peak separation is determined by the tilt angle γ of the retroreflector array, which was γ 15.25°in this particular experiment.
Theoretical Analysis and Comparison
For a theoretical description, we use the results of the analysis given for the so-called Talbot band experiment in [7] and [8] . We consider the situation as shown in Fig. 15 . A plane wave hits the RA. After reflection a staircase-like wavefront results. The path length difference between neighboring steps is Δz 2w sin γ and the associated time delay is τ r Δz ∕ c. The reflected field passes through diffraction grating G. As shown in [7] , the intensity of the optical field traveling in direction α, denoted as Iα, can be expressed as
Here, ν denotes the temporal frequency related to the wavelength λ by λν c. jSνj 2 is the power spectrum of the illumination, jGν; αj 2 is the light distribution generated by the diffraction grating, and jFν; αj 2 is the modulus square of the transfer function of the filter (here: the retroreflector array). As it is was shown in [5] , the grating term is given as
where τ d is the diffractive time delay that occurs between neighboring slits of the grating, i.e.,
Here, p denotes the period of grating G. The symbol M describes the number of grating periods that are illuminated by a single "step" of the wavefront, i.e., Mp ≈ w 0 with w 0 w cos γ. Note that here, the effective width of a period is determined by cos γ. For the calculation, it is interesting to note that we are not interested in absolute values of the observation angle α; hence, we may conveniently "choose" p such that M is an integer. The expression of Eq. (3) 
where μ 0; 1; 2; … denotes the diffraction order. Now we consider the influence of the retroreflector array. The modulus square of the filter transfer function, jFν; αj 2 , is given by the following expression:
Here, K gives the number of facets of the RA illuminated by the incident light beam. The phase term is
The peaks of the expression in Eq. (5) occur for integer values of the phase term ϕ, i.e., for sin α 2 sin γ κ λ w 0 ;
with κ 0; 1; 2; …. For practical purposes, it is convenient to represent the result as a function of the wavelength λ rather than the frequency ν. Assuming, that we use the first order of the diffraction grating, we have to calculate the power spectrum of the transmitted intensity for μ 1 in Eq. (5). The dispersion curves according to Eqs. (5) and (8) are shown in Fig. 16 . The peaks for the intensity Iλ occur at the intersections of this line with the lines given by Eq. (8) . As one can see from Fig. 16 , the separation of the peaks is not equidistant along the λ-axis, rather it increases with λ. This can be verified from the experimental curve in Fig. 14 and from the calculated curve shown in Fig. 17 . For the calculation, the spectrum of the light source was modeled by a Gaussian function according toS
with Δλ λ 2 0 ∕ πcΔt. Here, Δt denotes the (1 ∕ e)-pulse width of a Gaussian pulse, λ 0 is the center wavelength. For the calculation, we used Δλ ≈ 48 nm (corresponding to Δt ≈ 17 fs). The resulting curve for the calculated spectral intensity is shown in Fig. 17 . We note that theoretical and experimental results are in remarkable agreement as to the position and envelope of the peaks. On the other hand, differences can be observed in the linewidth of the peaks where the experimental spectrum shows broader peaks. This is attributed to a nonuniformity of the illumination, as suggested also in [9] in a similar context. In general, one can say that the high precision of the fabricated retroreflector array with its narrow angular tolerances of about 0.1°also requires an adequate beam quality of the illumination. It has to be emphasized, that to obtain the calculated result, it is necessary to perform a computational calibration that accounts for various experimental parameters like the spectral position and width of the light pulses as well as the geometry and dispersion of the monochromator. The details of this calibration are not discussed here. The main purpose of our analysis is to show that first, one can calculate the filter characteristic of the retroreflector array based on the equations given above and second, that it is possible to obtain very good agreement with the experiment.
Conclusion
A one-dimensional micro-retroreflector array was fabricated by deep x-ray lithography and the LIGA process. Very high precision was achieved for the surface profile. Tolerances of the profile are of the order of λ ∕ 10 for near-IR wavelengths. Using simple geometric considerations one can estimate that the tolerances on the 90°angles of the retroreflector facets are less than 0.1°. The high accuracy of the surface profile allows one to use the element in interferometric setups. As an example, we demonstrated the performance of the element in a Talbot band experiment using an fs-laser source. Excellent performance was demonstrated by very high contrast of the modulated spectrum.
In future work, one might consider the demonstration of a tapped delay line filter as suggested in [1] where the use of a static or dynamic mask may be used to implement amplitude coefficients. Furthermore, we would like to mention that the fabrication process may also be useful to generate elements that are not strictly periodic and may thus be useful for other applications. 
